ABSTRACT By designing a robust control, for the first time in literature, the tracking task associated with the MIMO DC/DC Boost converter-inverter-DC motor system is solved. Such robustness is achieved through the exploitation of the differential flatness property related to the system and by a suitable design of auxiliary controls. With the aim of verifying the performance of the robust control, a platform of the system along with MATLAB-Simulink and a DS1104 board are used. The experimental results show the good performance of the system in closed-loop even when electrical abrupt changes are considered in some parameters of the Boost converter and when a mechanical load perturbation is applied.
I. INTRODUCTION
Energy is a critical need for the human being. Despite the lack of awareness, every person uses and requires energy, in one way or another. Even more, the form of energy mostly used nowadays is the electrical energy. This is true when it comes, among others, to communication, buildings and lighting, technology, power supplies, energy saving, and for the most of it, industrial applications. Thus, the need of energy transformation emerges; that is, to convert electrical energy into mechanical one. To achieve this goal, DC motors are commonly used and DC/DC power converters have been recently adopted as a suitable option to drive them; giving
The associate editor coordinating the review of this manuscript and approving it for publication was Zhong Wu. rise to the DC/DC converter-DC motor combinations. Such combinations may be classified as ''DC/DC power converter-DC motor'' and ''MIMO DC/DC power converter-inverter-DC motor'' systems, with the former being of unidirectional nature while the latter being for bidirectional motion. In this regard, a wide variety of works have been developed, as can be noted in the following state-of-the-art review associated with these systems.
A. DC/DC POWER CONVERTER-DC MOTOR SYSTEMS
Lyshevski first hand [1] developed the mathematical models for the DC/DC power converter-DC motor system by only considering the Buck, Boost, and Cuk topologies. In such a work, the regulation associated with the shaft of the DC motor was also tackled. Based on Lyshevski's contribution, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ plenty of research has been reported in literature addressing the angular velocity regulation or trajectory tracking tasks. In this respect, for the DC/DC Buck converter-DC motor system some of the control schemes proposed on this subject include: flatness based control [2] , generalized proportional integral (GPI) control [3] , comparative evaluation of the PI, PI type fuzzy logic, and LQR controls performance [4] , H ∞ based control with pole clustering based on linear matrix inequalities techniques [5] , neural network based control [6] , hierarchical control approaches based on differential flatness [7] , [8] and flatness with sliding mode control+PI [9] . Other control techniques for the DC motor fed by a DC/DC Buck converter are proposed as well: zero average dynamics and fixed-point inducting control [10] , [11] , active disturbance rejection and flatness based control [12] , adaptive control using sliding modes with dynamic surface [13] , passivity and flatness based control with load torque estimation methods [14] , sliding mode control and PI controls [15] , fractional order PID control [16] , [17] , adaptive backstepping control [18] , neuro-adaptive backstepping control [19] , GPI based model predictive control [20] , fuzzy logic based control [21] , third order sliding mode control [22] , output feedback disturbance rejection control [23] , flatness based control in successive loops [24] , predictive control via a discrete-time reduced-order GPI observer [25] .
Meanwhile, important contributions related to other DC/DC converters as drivers for DC motors have been reported in [26] - [30] (for Boost topology), [31] and [32] (for Buck-Boost topology), and [33] (for Sepic and Cuk converters).
B. MIMO DC/DC POWER CONVERTER-INVERTER-DC MOTOR SYSTEMS
On this matter, for the MIMO DC/DC Buck converterinverter-DC motor system, Silva-Ortigoza et al. in [34] presented, and experimentally validated, the mathematical model derived from the use of Kirchhoff's laws and by including the DC motor model. In [35] Silva-Ortigoza et al. proposed a trajectory tracking control for the angular velocity on this system through a sensorless passivity based control and flatness. For the design of the passivity control the exact tracking error dynamics passive output feedback (ETEDPOF) methodology is used. Working with this system as well, Hernández-Márquez et al. designed and implemented two robust controls based on flatness for the trajectory tracking task [36] . The first control considers the system complete dynamics, whereas the second separates the dynamics of the system which later are joined through a hierarchical controller.
On the other hand, key contributions for the MIMO DC/DC Boost converter-inverter-DC motor system can be summarized in the following. The mathematical model was obtained via circuit theory along with the inclusion of the DC motor model by García-Rodríguez et al. in [37] . This mathematical model was experimentally tested under time-varying duty cycles. In order to solve the trajectory tracking task, a passivity based control through the ETEDPOF method was designed and implemented in [38] by Silva-Ortigoza et al.
Meanwhile, the main contributions for the MIMO DC/DC Buck-Boost converter-inverter-DC motor system are briefly reviewed as follows. Hernández-Márquez et al. in [39] presented its modeling and experimental validation. As a follow up, Hernández-Márquez et al. in [40] designed and implemented a sensorless passivity based tracking control via the ETEDPOF methodology. Moreover, a robust hierarchical tracking controller based on differential flatness was developed and implemented by Hernández-Márquez et al. in [41] . Lastly, Linares-Flores et al. presented the designed of a sensorless passivity based regulation control for the MIMO DC/DC Sepic converter-inverter-DC motor system [42] .
C. DISCUSSION OF RELATED WORK AND CONTRIBUTION
In searching of optimal solutions associated with DC motors driven by DC/DC converters, much effort has been made in order to solve more efficiently the regulation and trajectory tracking tasks of angular velocity. In fact, as observed in the state-of-the-art review, many control design approaches exhibit good results for the unidirectional systems [1] - [33] . Furthermore, bidirectional proposals have widened the practical applications of this systems [34] - [42] , making them more suitable for industrial implementation. Thus, the main contributions for the bidirectional systems are briefly summarized in Table 1 . In this context, one of these bidirectional proposals is the MIMO DC/DC Boost converter-inverter-DC motor system. Such a system, recently reported in [38] , was controlled through the design of a passive tracking control. By using that approach the control objective is achieved, i.e., the angular velocity ω tracks the desired angular velocity ω * . However, when an abrupt variation in load R is introduced two aspects can be observed: 1) When load R changes its nominal value, ω no longer tracks ω * . 2) The total energy of the system E never tracks its desired value E * , whether abrupt variations in system parameters are considered or not. Motivated by the aforementioned two aspects, the contribution of this paper is to develop a differential flatnessbased robust tracking control for the MIMO DC/DC Boost converter-inverter-DC motor system and to experimentally validate it on a built platform. It is worth noting that, compared with [38] , the control algorithm designed herein is robust against parametric variations.
The rest of the paper is as follows. In Section II the generalities of the system and the design of the differential flatness-based robust tracking control, for the MIMO DC/DC Boost converter-inverter-DC motor system, are described. The implementation of the proposed approach on a built experimental prototype and the corresponding experimental results are presented in Section III. Finally, the conclusions are given in Section IV.
II. DESIGN OF THE ROBUST DIFFERENTIAL FLATNESS-BASED TRACKING CONTROL FOR THE MIMO DC/DC BOOST CONVERTER-INVERTER-DC MOTOR SYSTEM
In this section, on the one hand, the generalities of the system and its average mathematical model are presented. On the other hand, the design of the robust tracking control for the energy of the converter and for the angular velocity of the motor shaft is introduced.
A. GENERALITIES OF THE SYSTEM
In Fig. 1 , the electronic circuit of the MIMO DC/DC Boost converter-inverter-DC motor system is presented, which is conformed by three subsystems:
• DC/DC Boost converter. In this subsystem, E is the power supply, u 1 is the control signal that regulates the voltage υ at the terminals of the capacitor C and the load R through the transistor Q 1 , i is the current that flows in the inductance L, and a diode D.
• Inverter. Here, u 2 and u 2 are the inputs that turn on/turn off, complementarily, the transistors Q 2 and Q 2 . Thus, the inverter modulates and drives the voltage and flow of the electrical current to the motor.
• DC motor. Parameters R a and L a are the resistance and the inductance of armature, whereas i a is the current and ω the angular velocity of the shaft. Additional parameters are J , k e , k m , and b, that represent the moment of inertia associated with the rotor and motor load, the counterelectromotive force constant, the motor torque constant, and the viscous friction coefficient, respectively. The average mathematical model of the MIMO DC/DC Boost converter-inverter-DC motor, deduced in [37] or [43] and [44] , is:
where u 1av ∈ [0, 1) and u 2av ∈ [−1, 1] correspond to the average inputs of the Boost converter and inverter, respectively. The rest of parameters and variables associated with (1)- (4) were described previously.
B. ROBUST TRACKING CONTROL BASED ON DIFFERENTIAL FLATNESS
In order to solve the trajectory tracking task in the system (1)- (4), the design of the robust control for the energy of the Boost converter and angular velocity of the motor shaft is presented. According to [43] and [45] , the flat output of the Boost converter is the energy, i.e.,
Whereas the flat output of the DC motor is given by the angular velocity of the shaft [9] ,
Thus, the differential parameterization of system (1)-(4), expressed in terms of flat outputs F 1 and F 2 , turns out to be,
where,
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By considering that F * 1 is the desired energy and F * 2 the desired angular velocity, a suitable definition for the inputs u 1av and u 2av allowing that F 1 → F * 1 and F 2 → F * 2 , is the following:
where η and µ, which are the auxiliary control signals, are to be defined later. After replacing (13) in (11) and (14) in (12), the system is reduced to the following:
The auxiliary controls η and µ are proposed as,
The dynamics of the tracking error in closed loop is obtained by replacing (17) and (18) in (15) and (16), respectively,
where the tracking errors are defined as:
The characteristic polynomials associated with (19) and (20) are determined by
The selection of the constant coefficients (β 2 , β 1 , β 0 ) and (γ 2 , γ 1 , γ 0 ) is obtained after equating, term to term, (21) and (22) with the following Hurwitz polynomials:
Thus, it is found that the values of the coefficients for the auxiliary controls (17) and (18) are,
with (a 1 , a 2 ) > 0, (ξ 1 , ξ 2 ) > 0, and (ω n1 , ω n2 ) > 0. By the aforementioned, the control (13)- (14) achieves that E → E * and ω → ω * as long as (γ , υ) > 0. An schematic (13)- (14) . Such a diagram has been considered that F 1 = E and F 2 = ω.
representation of the MIMO system in closed-loop with the proposed robust control (13)- (14) is shown in Fig. 2 .
Finally, the reference signals i * , υ * , i * a , u * 1av , and u * 2av are generated after replacing the flat outputs F 1 and F 2 by their desired trajectories E * and ω * , respectively, in (7)- (12).
III. EXPERIMENTAL IMPLEMENTATION OF THE MIMO DC/DC BOOST CONVERTER-INVERTER-DC MOTOR SYSTEM IN CLOSED-LOOP
This section presents the experimental results of the MIMO DC/DC Boost converter-inverter-DC motor system in closed-loop with (13)- (14) . With the aim of verifying the control robustness, the experiments consider abrupt variations in some parameters of the system.
The experimental implementation is performed on the built platform shown in Fig. 3 through Matlab-Simulink, the real-time interface ControlDesk, and a DS1104 board from dSPACE. 
A. DIAGRAM OF THE EXPERIMENTAL IMPLEMENTATION
In Fig. 4 rad . Likewise, in this block the measurement of the variables i, i a , υ, and ω is carried out through two current probes A622 from Tektronix, a voltage probe P5200A from Tektronix, and an encoder E6B2-CWZ6C from Omron, respectively.
• Differential-flatness control. Here, the control based on differential flatness (13)- (14) is programmed via Matlab-Simulink. The control gains were obtained after selecting the following parameters:
• Signals conditioning and DS1104 board. This block properly drives the Boost converter and inverter when generating the switched signals u 1 and u 2 . Also, the NTE3087 and TLP250 optoisolators electrically isolate the DS1104 board from the power stage. Additionally, a signal conditioning (SC) is executed over the acquired signals i, υ, i a , and θ.
• Generation of trajectories. Here, the reference trajectories i * , υ * , i * a , u * 1av , and u * 2av are generated through the desired trajectories E * and ω * . These last two are determined by the following Bézier polynomials:
Thus, E * and ω * softly interpolate between the pairs
By using (5), the pair E i (t i ), E f (t f ) is found to be,
In (29) and (30) the values i i and i f are obtained when (1)- (4) is solved in equilibrium for i. That is,
Therefore,
where υ i , υ f , and ω i , ω f correspond to the values in equilibrium of υ and ω, respectively. Such values are given in the following subsection. 
B. EXPERIMENTAL RESULTS
In generating the desired trajectories E * and ω * , given by (27) and (28), the values in equilibrium for υ and ω as well as the values of t i and t f were proposed as:
Here, the following disturbances are considered in the power supply E of the converter:
The corresponding results are shown in Fig. 5 . 
Experiment 2.
In this test, the following abrupt disturbances in the converter load R are introduced:
It is worth noting that R ∞ means the load R has been removed from the Boost converter. Fig. 6 depicts the results related to the abrupt variation (33). Experiment 3. For this experiment, the following disturbance at C is considered:
The results taking into account (34) are presented in Fig. 7 . Experiment 4. In this experiment an abrupt disturbance in L is introduced, which is defined as,
In Fig. 8 the results associated with (35) are sketched. Experiment 5. Here, through a brake system, a torque disturbance at time 6 s ≤ t ≤ 15 s is introduced. The results derived of this disturbance are observed in Fig. 9 . 
C. COMMENTS ON THE EXPERIMENTAL RESULTS
According to the experimental results depicted in Figs. 5-9 , the good performance of the system in closed-loop is demonstrated, since E → E * and ω → ω * are achieved. Likewise, the robustness of the control is verified when abrupt variations are introduced into the system. Particularly, the following is observed in the experiments. Experiment 1. Fig. 5 shows the good behavior of the system when the nominal value of power supply E is abruptly changed according to (32) . Also, variables i and i a remain in an admissible range of values, whereas inputs u 1av and u 2av do not get saturated. It is worth noting that this kind of abrupt variations in power supply E could be considered as an emulation of alternative energy power generation supplies. (33) were introduced into the system with the aim of highlighting the robustness of the proposed control. As can be observed in Fig. 6 , no matter if the nominal value of load R abruptly changes along the experiment, in general, the control objective is still solved. It is worth noting that variations (33) consider the cases when R m is lower and greater than the nominal value R, as well as when R m is removed from the Boost converter (denoted by R ∞ ). Again, as in the previous experiment, variables i and i a remain in an admissible range of values; whereas inputs u 1av and u 2av do not get saturated.
Experiment 2. The abrupt variations given by
Experiments 3 and 4. When the nominal values of parameters C and L are abruptly varied according to (34) and (35), respectively, the system in closed-loop behaves as depicted in Figs. 7 and 8. As can be observed in those figures, the control objective is solved during the entire experiments. Also, i, i a and u 1av , u 2av remain in an admissible range of values and do not get saturated, respectively.
Experiment 5. The experimental results presented in Fig. 9 highlights even more the robustness of the proposed control; since the system in closed-loop was experimentally tested by applying an external load variation in t ≥ 6 s. As in the previous experiments, i, i a remain in an admissible range of values and u 1av , u 2av do not get saturated.
IV. CONCLUSIONS
The design of a robust differential flatness-based tracking control for the MIMO DC/DC Boost converter-inverter-DC motor system was presented here for the first time in literature. The experimental implementation of the robust control was performed on a prototype of the system through MatlabSimulink along with a DS1104 board of dSPACE. In the experiments, abrupt variations in the nominal values of E, R, C, and L were considered and a mechanical load perturbation was applied. This was made with the aim of highlighting the robustness of the proposed control, compared with the passivity-based tracking control recently reported in [38] , achieving that E → E * and ω → ω * . Therefore, the proposed system and control could be used in different industrial or mechatronics systems; where the bidirectional angular velocity tracking task, associated with the DC motor shaft, needs to be solved.
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